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It is known that secondary transporters, which utilize transmembrane ionic gradients to drive their substrates up a concentration
gradient, can reverse the uptake and instead release their substrates. Unfortunately, the Michaelis-Menten kinetic scheme, which
is popular in transporter studies, does not include transporter reversal, and it completely neglects the possibility of equilibrium
between the substrate concentrations on both sides of the membrane. We have developed a complex two-substrate kinetic model
that includes transport reversal. This model allows us to construct analytical formulas allowing the calculation of a “heteroexchange”
and “transacceleration” using standard Michaelis coefficients for respective substrates. This approach can help to understand how
glial and other cells accumulate substrates without synthesis and are able to release such substrates and gliotransmitters.

1. Introduction

Unlike “primary” or ATP dependent transporters that create
the major ionic gradients of K/Na/H and Cl/CO, ions across
cellular membranes harnessing the energy reserved in ATP,
the “secondary transporters” utilize the energy available from
transmembrane ionic and/or pH gradients and membrane
potential to drive their substrates up a steep concentration
gradient. Transporters on neurons and astrocytes clearing
neurotransmitters from the synaptic cleft and extracellular
space mainly belong to different “secondary transporters”
families. Recently, it has been shown that astrocytes and
other glial cells accumulate monoamines [1] and polyamines
[2, 3] while lacking the enzymes for their synthesis [1, 4-6].
One among many known representatives of the “secondary
transporters” that utilize the transmembrane ionic gradients
and membrane potential is the family of organic cation trans-
porters (OCT). These transporters take up different mono-
and polyamines [7], and cells expressing such transporters
also release these substrates using possibly two pathways: (i)
large pores and (ii) transport reversal. Here we analyze one of
transport reversal mechanisms.

Energy Calculations. Experimentally, it has been shown that
secondary transporters can reverse their uptake releasing

their substrates instead [8-10]. Energy based calculations
were introduced to analyze the conditions for substrate
release or uptake for this kind of transporter [11, 12]. It
was established that substrate transport depends on the
energy balance of coupled transport of the substrate and
simultaneously transported ions (see Appendix A). Most
secondary transporters could be reversed by membrane
potential and by changes in the principal ion gradients
and substrate concentrations. Experimentally, the reversal
was shown for the glutamate transporters (for the review
see [13]), GABA (reviewed by [12]), and for glial organic
cation transporters [14, 15]. Being reversed, electrogenic
transporters usually change the direction of the net ion
flow. We summarize the energy balance study, introduced by
Rudnick [11] in Appendix A. This analysis only studies one
substrate uptake/release by a secondary transporter.

Michaelis-Menten Scheme. The kinetic concept based on the
Michaelis-Menten scheme proved very useful for transporter
mediated substrate uptake and inhibition [16,17]. This kinetic
model predicts saturability and specificity of secondary trans-
porters in many cases, and atypical transport kinetics can be
explained by multiple binding sites [18]. We have summarized
this classic concept in Appendix B. Unfortunately, as one
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can see, the Michaelis-Menten model does not include
transporter reversal, and it completely neglects the reversal
constant (see Appendix B). A more complex transporter
kinetic model is needed to predict quantitatively at least the
following well-established experimental observations.

(1) It has been shown that one transporter substrate
can release another one already accumulated inside
the cell. Sometimes this is called “heteroexchange”
For example, dopamine, tyramine, and amphetamine,
which are substrates for the neuronal dopamine
transporter (DAT), can release the substrate named
N-methyl-4-phenylpyridinium (MPP) through DAT
[19], with releasing ability of these substances corre-
lated with the elicited coupled transport current. Also,
it was shown that L-glutamate and its transportable
analogs (substrates for EAATS) specifically release
L-aspartate (another EAAT substrate) through this
transporter and can be blocked by nontransportable
analogs [20].

(2) A special term was coined for the release of the
(tracer) substrate by the same substrate, a process
named “transacceleration” While the phenomenon is
not kinetically different from the “heteroexchange”
described in the previous paragraph, it is well estab-
lished experimentally (see, e.g., [21]). As new trans-
porter models arise (e.g., a channel-transporter model
[22]), it might be important to get this phenomenon
explained by a purely thermodynamic model, not by
using kinematic assumptions.

Here we present kinetic algorithms that more accurately
explain the behavior of a secondary transporter pumping
two substrates simultaneously; it predicts transporter reversal
by the application of an additional second substrate to the
transporter already in equilibrium with the first substrate,
“transacceleration” and other interactions.

2. Results

We modified the Michaelis-Menten kinetic model to include
two different transportable substrates and also additional
elementary steps, characterized by their kinetic coefficients,
which are necessary for the transporter not only to uptake
but also to release substrates. The model is presented in
Appendix C by relations 1-8. This model can be considered
as a system of kinetic equations describing the dynamics of
the model (C.2)-(C.11). A general solution for this scheme is
difficult to obtain analytically. But some particularly interest-
ing cases can be resolved (see Appendices C.1, C.2, and C.3),
and we are presenting them below.

2.1 Equilibrium Conditions for Both
Substrates (See Appendix C.1). Practically,
the  initial = concentrations  of  substrates S
and S, are considered known (ie., S, and S,;), and
then substrate concentration can be measured in the outside
solution (x;, and x, in our notation for this section of
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FIGURE 1: Dependence of x;, x, on S,y at S}y = 1.5 a.u, K;; = 1.5,
K, =18, K, = 13,K,, = 2.

Appendix C). In this way, we tried to reduce all equations to
measurable parameters.

It follows from relationships (C.30) (Appendix C) that
at fixed concentration of S;, (initial concentration of first
substrate S;) and variable concentration of S,, (different
initial concentrations of S,), the equilibrium concentration
of x, (the S, substrate outside) increases with increasing
S, (the effect of S; substrate releasing from the cell), and
similarly, the equilibrium concentration of x; decreases with
decreasing S, (effect of S; substrate transport inside of the
cell). The same behavior follows from (C.30) for the equilib-
rium concentration of x, at fixed concentration of S,; and
variable concentration of S,,. These respective dependencies
are shown in Figure 1.

Conclusions of Appendix C.1

(1) Effect of substrate being released in case of competi-
tion in the two-substrate system can be observed, if
at equilibrium condition most of the transporter is
coupled by both substrates of interest: T, > y.

(2) Efficiency of the substrate releasing process is depen-
dent on equilibrium constant values describing pro-
cesses of substrate-transporter intermediate complex
formation.

(3) Correct sign of the square root term in relations
(C.30) is defined by the conditions of

Si0=2x, 20,

)

Sy = x5 2 0.

(4) Relationships (C.30) can be used for analysis of
equilibrium substrate concentration dependence on
initial substrate concentrations.

(5) The relationship of

_ Sip+ Sy —axy

X, = 3 (2)
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can be used to determine parameters « and f3, if
concentrations of x; and x, can be simultaneously
measured as functions of S, and S,;, the initial
concentrations of the first and second substrates.

2.2. Two-Substrate System Dynamics at the Initial Time.
Transporter velocities (transport rates) can be determined if
(similar to Michaelis-Menten scheme) there is no equilibrium
between substrate concentrations inside and outside and
processes of the type

S+ T — (S,7T),

(3)
!
S+ T — (S,T)

can be neglected. We also assume there are the initial
conditions where S; and S, are added to the external solution,
thus x; = §;, and x, = S,,. In that case (see Appendix C.2),

©)

v, =k K SlO—[TO] (4)
TR LK S0+ KySy,
So0 | T,
Uy, = kK, 0 (1o} (5)

1+ K8, +K,S,

are analogous to the Michaelis-Menten formulation
for a two-substrate system. If S,, = 0, we obtain the
exact Michaelis-Menten formula for the first substrate
velocity, and if S}, = 0, we obtain the exact Michaelis-
Menten formula for the second substrate velocity.
Note also that the term ky,[T|] can be interpreted as
Vlmax’ and k22 [TO] as VZmax'

(2) The constants k,,, Ky, k,,, and K,,, can be deter-
mined experimentally similar to the standard proce-
dures used in the Michaelis formulation. There are
some important equations:

(i) if ;5 » Ky, and Sjy > a8,

v, =k, [Ty],  the velocity at maximum, V..,

—k aSy [To] (6)
Uxa = 2T g

10
(i) If Sy <« aSyy and aS,y > Ky ;e

o = & _ S10 [To]
x1 dt 12 (XSZO >

Uy, =k [T,],  the velocity at maximum, V..

Sio [To] k aSy [To]
a5 2 Sio

7)

UpsUss = ki,

= kykp[T,]” (see Appendix C).

2.3. Effect of the Equilibrium Reverse Bias for a First Substrate
When a Second One is Added to the System. If previously
the equilibrium was established for a first substrate between
outside concentration of the substrate and the inside con-
centration, the addition of a second substrate will produce
a reverse bias (equilibrium shift). In the beginning, at initial
time, some of the transporter molecules in the outside bind
to the second substrate while inside there is still no second
substrate. That means the availability of outside transporter
for a first substrate becomes reduced. Thus equilibrium for a
first substrate starts to break down; that is, the velocity of first
substrate transport to outside (release) becomes bigger than
its transport to the inside. At initial times during the start of
the process and far from equilibrium for a second transporter,
(8) allows the calculation of the velocity of the first substrate
release due to transport reversal (See Appendix C.3):

| ®

v, =A|l-
. [ Sx0 + Ky

where K}, is Michaelis constant for a second substrate and
S, is initial concentration of a second substrate,

_ k;1510 5
Ky+1°7
9)
_ [To] (K Ky +1) _ [To]
N0 K S + KKy + 1 KgSpp+ 17
where
KS = L (10)
(K, Ky, +1)
Thus, finally we have
= @& (11)

Ky +1KgSjp+1°

Taking into consideration the relation (8) we have calculated
the dependence of the velocity of first substrate release on
the concentration of a second substrate, at initial times after
it was added to the system. Functional dependence (8) is
represented in Figure 2.

It can be seen from (8) and Figure 2 that the velocity
of reversed transport (release) of a first substrate is 0 if
S,0 = 0, because there is equilibrium between the velocities
of inward and outward flow of the first substrate through the
transporter. Thus, the “net” velocity, is equal to zero. Also,
from (8) and as seen in Figure 2, with increase of a second
substrate concentration, when S,; > K, ,, the velocity of a
first substrate release becomes saturated and can be calculated
as

v — — kille [TO] (12)
xS Ky+1KgSjp+1°
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FIGURE 2

Release velocity depends on the first substrate concentration
Si0> and at given value of S;, the value of A is a constant.
Thus, (8) for the velocity at half maximal value at a certain
concentration of second substrate S,, can be written as

K A
vxle[l—$] ==, (13)
Sr0,1/2 + Ko 2
and because of this equation it can be calculated as
KM,Z = S20,1/2- (14)

There is similarity between the formula of velocity of
transporter reversal due to second substrate addition and
Michaelis-like formulas for the velocity of substrate uptake.

The formula that predicts the velocity of substrate uptake
(see Appendix C (C.54) or Appendix B (B.10)) can be written
as

_ k35850 [T, ]

= , 15
2 Sy + Ko )
where the maximum velocity is represented by
Ux2,max = k22 [TO] . (16)
Thus, for the half maximal velocity,
Uxzmax _ k32820,1/2 (To] _ ky, [To] 17)
2 Sa0172 + Ky 2
Thus we can write
KM,Z = 520’1/2. (18)

To say in plain words, the Michaelis constant for a second
substrate can be determined in two ways: (i) from the stan-
dard Michaelis formulas at transport velocity measurements
for the second substrate, or (ii) from the release velocity
measurements of a first substrate, from our formula, where
a second substrate produces release of the first one.
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In the most important case, if KgS;q > 1 (8)

ki, [T,
s= $M = Const.,
Ky+1 Kg

(19)

M2
Vaso1 = As [1 - —] >
Sz0 + K
then Ag can be interpreted as the release force for a first
substrate after the addition of a second one. In the case of
KS,y < 1, the release force can be written as

ki [Tl

A(Syy) = AgSyp = —2— 228, (20)
(S10) $°10 Ky+1 K 10

that is, in this case the release force for a first substrate after

the addition of a second one has a linear dependence on the

first substrate concentration.

3. Discussion and Conclusions

We have studied the extended kinetic model for a secondary
transporter simultaneously dealing with two substrates,
which includes direct (outside-in) and reverse transport
(inside-out). The model was solved in different equilibrium
conditions (See Appendices C.1, C.2, and C.3). We have
shown that when both substrates are in equilibrium, addition
of one of them leads to reequilibrium and release of the
second substrate (Appendix C.1). This was emphasized in
Appendix C.3, when the system was studied for conditions
where a first substrate is in equilibrium (inside-outside
concentrations) and a second one is just added and is far
from equilibrium. This situation is of a special interest as
it has been studied experimentally [19, 20]. Also, this is
what probably happens when methamphetamine, ephedrine,
or other similar substances induce dopamine (and other
monoamine) release from monoamine neurons primarily via
membrane transporters, reversing the dopamine transporter
(DAT), norepinephrine transporter (NET), and/or serotonin
transporter (SERT) [23-27] and also reversing VMAT vesic-
ular transport [28]. In addition, it has been recently shown
that astrocytes and other glial cells accumulate polyamines
[2, 3] while lacking the enzymes for their synthesis [4-6],
and OCT type of transporters (that are expressed in glia)
take up different polyamines [7]. Polyamines are released in
brain from glial cells, but the mechanisms of such release are
unknown [29].

Actually, as we understand now from formula (8) it can
be ANY transportable substrate. This formula allows us to
classify experimental measurements of a “heteroexchange”
related substrate release for substrate-transporter pairs, using
standard Michaelis coeflicients.

The special term for the release of the (tracer) substrate by
the same substrate, a process named “transacceleration,” can
be explained by changes in equilibrium according to formula
(8). There is no fundamental thermodynamic difference if
the system has two chemically distinct substrates for the
same transporter or there are radiolabelled and unlabelled
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chemically similar substrates. Thus, a new added substrate
produces the release of a similar tracer substrate (labelled,
e.g., with radioactive isotope) by equilibrium shift as shown
in Appendix C.3.

We also have shown that if we assume both substrates are
far away from equilibrium, and transporter reversal can be
neglected (Appendix C.2), the formulas for the uptake veloc-
ity of both substrates become the same as in the Michaelis-
Menten scheme (see Appendix C.2, (C.53) and (C.54)), with
the respective inhibitory coefficients.

We suggest that formula (8) will be especially useful in
the study of polyspecific transporters with known multiple
substrates, such as the organic cation transporters (OCT) that
participate in the transport of different monoamines [30], as
well as polyamines [7].

Appendices
A. Classical Energy Based Calculations

Similar to the analysis of ion channels, substrate flux through
transporters can be determined by the transmembrane elec-
trochemical potential (Aff) which is the sum of the electrical
potential (AY) and chemical potential (AG). For a single
molecule X, the driving force is quantified as

X].
Aﬁx:A‘{’X+AGx:zx~F‘Em+RT-ln&,

]Ollt

(A1)

where z, = the valence of X, F = Faraday’s constant, E,, =
membrane potential, R = universal gas constant, and T =
temperature. It should be noted that when Agi = 0 (i.e., if X is
at equilibrium), this equation reduces to the Nernst equation.

For the glial glutamate transporter GLT1, for example,
all of the cotransported ions are coupled to each other as
they cross the membrane (i.e., they are not independent).
Therefore, the total electrochemical driving force for GLT1 is
the sum of the linked contributions from each co-transported
ion. Because one thermodynamic reaction cycle for GLT-
1 involves coupled translocation of three sodium ions, one
proton and one negative glutamate molecule and counter-
transport of one potassium ion are quantified as

Afigir = 3 X (APy, + AGy,) + 1 x (A% + AGg)

+1x (A%, + AGg,) + 1) (A% + AGy).
(A2)

In equilibrium, when Afig; 7, = 0 and knowing that the K*
term must be negative as it is going in the opposite direction,
this equation reduces to

RT
E, =-
(3Zna + Zy = Zgry — Zx) F

| [Glu™]. 31 [Na®].
X[H[Glu‘] TN

out out

o K H ]
—1n + 1n
[K+]0ut [H+]out
RT [Glu™], [Na*]? [H*]. [K*]
= E,=-—"In ; R
2F [Glu_]out [Na+]0ut [H+]0ut [K+]out
(A.3)

which defines the reversal potential for the transporter.
It should be noted that this latter equation has a very
similar form to the Goldman-Hodgkin-Katz equation for ion
channels. The only difference is that ion fluxes are coupled
unlike the fluxes for ion channels. The calculated driving
force for a transporter can be viewed in the same way as
the driving force for an ion channel; thus, there will be no
net substrate flux when membrane potential is equal to the
reversal potential [12,13]. This last equation can be rearranged
also like this, clearly showing the substrate gradient produced
by the transporter:

[Glu ]y _ NI [ KT
[Glu™];, - [Na*]? [HJr]out[KJr]_l exp En(2F/RT) (A 4)

out out

B. Derivation of Michaelis-Menten
Equation for the Transporter

Kinetic concept takes into account only steady-state velocities
of transport that can be divided in adhesion, transport, and
release of substrate on other side of the membrane. Let the
transporter T' and the substrate S first form the complex ST
in the outer membrane, and then substrate is transported to
the inner membrane and released. The reversal is not taken
into consideration. This can be written as follows:

ki ks
T+S <k=>TS<=>T+Sm. (B.1)

-1 -2

out

Formation of T'S complex is proportional to the concentra-
tion of substrate and the free transporter:
Formation =k, - T - S, (B.2)
when the complex transports the substrate and releases it
inside the cell proportionally to the concentration of T'S, and
also some T'S complex just releases substrate again without
transporting it. Thus, the removal of T'S from the system is

Removal = k_; - TS+ k, - TS. (B.3)



After TS complex formation the quantity of free transporter
left is

T =Ty — TS. (B.4)

At steady state (at equilibrium), formation and removal of T'S
became the same:

ky-T-Syq =k, TS+ky-TS (B.5)
= kl ' (Ttotal - TS) ' Sout = (k—l + k2) TS (B6)
- kl : Ttotal ’ Sout = (kfl + k2 - kl : Sout) -TS (B.7)

kl ) Ttotal ) Sout — Ttotal i Sout )
k—l +k2_k1 'Sout ((k—l +k2) /k1)+sout
(B.8)

=TS =

As velocity of substrate transport is proportional to k, and
TS :v =k, TS, we can write

k2 i Ttotal : Sout
= . B.9
(k—l +k2) /kl +Sout ( )

As in abundance of the substrate all velocity depends only on
transporter T,,,;, maximal velocity of the transport (V,,,,) is

ky # T, and the constant (k_; + k,)/k, = K,,,, we can write

Vmax ) Sout
== B.1
K, +S (B.10)

out

The formula allows determination of K,, from the experi-
mental curve: K, + Soiy = ((Vpax - Souw)/V) = K, =
((Vipax = Sout)/V) = Sout = Sout((Vipax/v) — 1), which means
K,, becomes equal to S, if ((V,,.«/v) — 1) =1, and it happens
when v = (V,,,,/2).

So, when the speed of transport is saturated and becomes
Voax it is simple to find half of V,_,  that is equal to K,,,.
Michaelis constant K,,, = (k_, + k,)/k; are used as a measure
of substrate affinity to the transporter. Please, note that K|,
does notinclude the K_, constant, reflecting unidirectionality
of transporters in the Michaelis-Menten approach.

Competitive Inhibition from the Michaelis-Menten Point of
View. Transporters can have another substrate I. It can bind
to the transporter, whether it is transported or not

T+ =TI (B.11)

The constant of dissociation of this complex can be written as
follows:

T-1 T-I
Ky =K = — =TI = —. .
diss i TI Ki (B 12)
On the other hand, from the equation
d[dY;S] =T Syu -k —TS-(k_; +k,) =0
T Spu ky+k K (513
N .out= —1+2=Km:>T= m'TS,

TS k, S

out
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if we replace T from (B.7) with the last formula, we will get

: K
Ll K Ly (B.14)

Sout i

The transporter can be in free form or can be occupied by
inhibitor or by substrate; therefore, one can write

T =T +TI+ TS,

K K 1
T = =2 TS+ =2 . —TS+TS
Sout out i (B'IS)
= TS = Ttotal i Sout

K, (1 +1/K;) + S,y
This means the velocity of the transport of the main substrate
S will be
k2 i Ttotal i Sout
K, (1+I/K;)+S

v=Fk, - TS =

o (B.16)
Vm ) Sout

K, - a+S.

out

C. Kinetic Scheme with Two-Substrate Uptake-
Release by the Same Transporter

In a general case, the simplest representation of the two-
substrate scheme can be determined by set of elementary
steps, characterized by their kinetic coefficients:

1) $;+T — (85,T) : ky;;—formation of the intermediate
complex “first substrate-transporter” (S,T) outside
the cell;

(2) (5,T) — S, + T : k_;;—(8,T) dissociation outside
the cell;

(3) ($,T) — S} +T : ky,—dissociation of (S, T) complex
inside of cell, with substrate S released inside;

4)S, +T — (ST) : k_,—formation of the first
substrate complex with transporter inside the cell;

(5) S, +T — (S,T) : ky;—formation of the intermediate
complex “second substrate-transporter” (S,T) outside
the cell;

(6) (S,T) — S,+T : k_,,—dissociation of (S,T) complex
outside of cell;

(7) (S,T) — Sy +T : ky,—dissociation of (S,T) complex
inside of cell;

(8) S; +T — (S,T) : k_,,—formation of the second
substrate complex with transporter inside the cell.

Let us introduce notations of

[Si]=2x, [T]=y,
[$,T] = 2, [$1] =,
(C1)
[S] = x5, [S:T] = 25,
[S;] =5,.
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Series of kinetics equations describing dynamics of the
system of interest can be represented as follows:

dx;

a —ky1x1y + ko121 (C2)
dy
at = —kyx y +k_oz +kppzy
C3
—k_ sy —kyxy +k 5z, (€3)
+kypzy —k 5y,
dz,
a kyxyy — k2 —kppzy +kopysy, (C.4)
d
% = kipz) — k129515 (C5)
d
ﬁ%:—hﬂﬁukdﬂp (C.6)
dz
d_tz = k%, y —k 5125 — kyyzy + k 5y 55, (C7)
ds
d_tz = kpzy, —k pYys,. (C8)
Summarizing (C.3), (C.4), and (C.7), we will obtain
d(y+z, +z,)
-~ " ",
dt
y+ 2z, + 2z, = const. =T, (C9)
y=T, -z, - z,.
As well as we can write
Sio=x, +2z, +5),
$1 =810 - X1 — 2y,
(C.10)

Sy =%, +2,+ 5y,
Sy =850 — %X, — 2.

Therefore, the equation system represented above can be
rewritten as follows:

dx
al_t1 = ~kyx, To + (kyyxp + kyp) 21 + kyyxg 2,

dz

cl_t1 =kyx, (Ty -2z, - 2,) — k112, —kppz,

+k_1y (Ty =21 = 2) (S10 — %1 = 21),
(C.11)

dx,
dar ~k12,To + (kyy %y +Kkp1) 25 + Ky 02y,

dz

d_t2 =kyx, (T -2, - 2,) —k 32, —kypz,

+k 5 (Ty =2, = 2,) (S0 — %3 — 7).

C.1. Equilibrium Conditions for Both Substrates. In equilib-
rium conditions, we can write

2] 21
K ===,
H Xy x (To -2~ Zz)
K= 25 (To—21-2) (S0 — %1 — 1)
. Z) A ’
(C.12)
2 2
Ky=—=—F—"",
Xy X% (Ty-z -2,)
Ko.=2%2_ (To =21 = 25) (S0 = %, — 23)
2= = >
2 2,
where
k k
K, = —L, K, = —12,
11 k_ll 12 k_12
(C.13)
ky ky,
K,, = , K,, = —=
21 ka1 22 k)

are equilibrium constants of processes of interest. Taking
into account relations (C.12) for equilibrium constants, we
can form combinations of such constants, which may be
represented as follows:

Sio—x,—2
Ky Ky = £t = ;:1 1)
1
(C14)
S —x, —
Ky Ky, = Sl A ZZ-

X2

Let us consider the case, when T, > y,—all transporter is
coupled to complexes of (S,T) and (S,T). In this case, we can
write with a fair approximation the relations of

z, = [Ty] - 25

10— X1 = [To] + 2,

K, Ky, = (C.15)

X1

Ky Kppx, =815 = %) = [Ty] + 2,.

From the last relationship, the z, concentration can be

represented as follows:
z, = K| Kypx, = Sy + %1 + [T] . (C16)

Applying the same approach to equations related to the
second substrate and taking into account the last relationship
for concentration of z, we can write

Sao = X5 = (Ky Kppxy = Sy + %, + [T])

Ky Ky =
X2
_ Sxo — %5 = Ky Kypxy + 810 = %, = [T] (C.17)
X, ’ '
o = Sxo = Ky Kppxy + 810 = x; = [Ty)
) = .

1+ K, K5,
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If relationship of
S10 + Sy > [To] (C.18)
is satisfied, we can write
S0+ S 1+K;K
X, = 20 T 910 nti (C.19)
1+K,,K,, 1+K,,K,,
and finally we can write
(14 K}, Kpp) %, + (1+ Ky Kyy) x5 = Sy + Sy
(C.20)
axy + Bx, = 819 + Sy
where
a=(1+K;Ky),
(C.21)

B=(1+KyKy).

Let us consider an additional relationship, which can be
formed by multiplication of all equilibrium constants, that is,
by multiplication of relationships of

(Sy0 =%, - 25) 2

KKy = ———7—7—"—,
X122,
( ) (C.22)
25 (810 — %1 — 2
K, K, = ——M8=.
X2y
In this case, we will obtain relationship of
(Sy0 =%, — 2,) (510 X1~ Zl)
K1 KKKy =
X1%,
- (Szo - xz) (SIO - x1) (C.23)

>

XX,
K1 KKKy %, = (520 - xz) (310 - xl) >

where with respect to relationship (C.18), we may assume that
the relationships of

S10 > 2y,
(C.24a)
Sy > 2z,
are satisfied, and we may finally write

(K11K22K12K21 - 1) X%, = 819850 = Sp0%1 — S1o%;3-

(C.24b)
Taking into account relationship of
axy + fBx, = S + Sy (C.25)
we can write
S0+ Sy —axy (C.26)

x2— [; >
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and if we will substitute the last value to relationship (C.24b),
we will obtain

Si0+ Sy —ax;
yxl [))
S0+ Sy —ax;

B

= 810820 — S20%1 — S1o

S0

4
+ 2 (S10 + S30) X1 + Sy0x; — 7361

B

S
= S10550 + f (S10 +Sx) =0,

ad )
- —x
ﬁ 1

SIO

S0+ S
K2 _ |20 2o+£820__ X
Y

! « ay

ﬁ SlO
+ —S810S20 — — (S1p +S5) =0,
ay 10~20 ay ( 10 20)

(C.27)
Xt —ax, +b=0,
(C.28)
a \]az
x; =-+\—-b,
2 4
where
Y= (K11K22K12K21 - 1)’
Si0+Sy . P S1o ]
= — —S — — 5
a [ o * ay 20 y (C.29)
B S
b=—"—850- X (S10 +S3) -
@y ay
Thus,
xl_l[slo’LSzo ﬁszo_h]
2 o ay y
1[310+s20 B _sﬂ]z
“\4 a ay ?°

D) 20-2)

2 1/2
1 2 Szo _1)\?
L s (- D80 - 217
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1
X, = 5 (@810 + 3,S5]
1 2
* <Z[a1510 +3,Sy)

1/2
2 202
+a5(S10 — 44859)" - a3a4820> >

&)
a=(---1,
oy

S, — 10
o ay 2

_( P g8 — S0 (5, + 320)>>1/2} ,

2
i(l[slo+szo+£ 510]

ay ay
_S10+ Sy B

2T B

1
X ‘{E (@S, + a,85]

1 2 2
i\/z[%slo*' 3,S50]"+ a5(S10~ 3455) _asaisgo} .

(C.30)
Solution is physically reasonable, if the relation of
l[slo’LSzo ﬁS _ﬁ]z
20
e ey oy (C31)

is satisfied. Since parameter y = (K, K,,K,K;; — 1), it
can easy be shown that condition (C.31) is satisfied at all
reasonable values of « and 8 parameters. It also follows from
relationships (C.30) that at fixed concentration of S, and
variable concentration of S,, equilibrium concentration of x,
increases with increase of S, (effect of S; substrate realizing
from the cell) and decreasing of equilibrium concentration
of x, with decreasing of S,, (effect of S; substrate transport
inside of the cell). The same behavior follows from relation-
ships of interest for equilibrium concentration of x, at fixed

concentration of S, and variable concentration of S,,. The
respective dependences are shown in Figure 1.

Conclusions of Appendix C.1

(1) Effect of substrate realizing in case of transporta-
tion competition for two substrate system can be
observable, if in equilibrium condition most of the
transporter is coupled by both substrates of interest:
Ty > y.

(2) Efficiency of substrate realizing process is dependent
on equilibrium constant values describing processes
of substrate-transporter intermediate complex for-
mation.

(3) Correct sign in front of square root in relations (C.30)
is defined by the conditions of

S0 =2 x; 20,

C32
Sy = x, 20. ( )

(4) Relationships (C.30) can be used for analysis of
equilibrium substrate concentration dependence on
initial substrate concentrations.

(5) The relationship of

Sio + Sy —ax
x, =020 1 2’ ! (C33)

can be used to determine parameters of « and f3, if
concentration of x; and x, can simultaneously be
measured as function of S, and S, initial concentra-
tions of first and second substrates.

Procedure of Experimental Measurements of x, = (S;9 + Sy —
ax,)/ 3 Relationship

(1) Measurements of equilibrium concentrations set of
X1, X, versus S; and S,.

(i) Let us choose a fixed set of concentrations S,

from the interval [S(l?)), 5(1:))]- For a fixed concen-
tration Sy, ,, let us measure the dependence of
concentrations x; and x, versus [S,,]. The same
procedure must be repeated for another fixed
concentration S, ,, the third fixed concentra-

tion S, 5, and so forth.
(ii) Using the equation

_ Sio + S50 —ax; _ S10 + Sy _ax,

Xy = - > (C.34)
? B B B
it can be rewritten as
Sio + Sy = axy + fxy,
(C.35)

U = ax; + fx,.
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We can experimentally measure {U;}, {x,;}, and {x,},
with unknown parameters: «, 8. Applying the least-squares
method, we can write

o}
6_p Z (U; = axy; = ﬁxzi)z =0 p=op. (C.36)
Thus,
Z (Ui - 0Xy /39‘21') x; =0,
Z (Ui - Xy = ﬁxzi) X5 =0,
Z (Ui —axXy; — ﬂxzi) X1
! (C.37)

= Z Upxy; — O‘Z xi- - ﬁzxzixli =0,
i i i
Z (Ui Xy~ ﬂxzi) Xoi
i
= Z Uix,i — “z X1i%o; — /J)ngi =0.
i i i

Main system determinants can be represented as follows:

2
Z Xy Z X2iX1i
i i
2
X2i%X1i X
i i
2
2 2
X1 X )~ X2i %15 | >
i i i
Z Uixy; Z X2iX1i
i i
o
2
Z Uixyi Z X2
i i

(o))
(o))

2
Z Xy Z Uixy;

i i
Z X2i X1 Z Uixyi

i i

(2)(x0e)
(o) (3

(C.38)
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Therefore,
T
A

(2 Uixy;) (Zz ‘xgi) — (X Uixy) (X %5%1)
(% xfi) (% x%i) -2 xzixli)2

>

Ag (C.39)
gL
A
3 (Zi xi‘) (Zi Uixzi) - (Zi Uixli) (Zi xzixli)
= 5 .
(X %) (X x3) = (X x0x1:)
Earlier we had determined the parameters of interest as

a=(1+K,Kp,),
B=(1+KyKy).

(C.40)

That is,
KyKp=a-1,
Ky Ky =B- 1
As Ky, Kyys Ky, Ky

(C.41)

(C.42)

we can write

(C.43)

C.2. Two-Substrate System Dynamics at the Initial Time. In
this case we will not take into account processes (4) and (8):

S +T — (S,7),

, (C.44)
$+T — (S5,7).

In this case, the series of kinetics equations can be represented
as follows:
dx,
dt
dy

it = —kyxy + k.2, + kpz

= —kyx1y + k.21,

—kyxy + k.32, + kyyzy,

dz (C.45)
d_tl =kyxy —koj1zy —kypzy,

dx

d_tz = —ky 1,y +k_y25,
dz

d_t2 =ky Xy — k_y12, — kyz,.
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For z|, z,, we may use quasi-stationary approximation:

dz
d_tl =kyyx1y — ko121 —kjpz = 0,
. (C.46)
z
d_t2 =ky Xy — Kk 312, — kyzy, = 0.
Thus,
_ kyix,y
' k_oyi + ki,
(C.47)
_ kyix,y
, = ————.
ko +ky,
Thus,
kyuxy ky %,y
T -z -z, = [T)] - XY %)
y [ 0] 1 2 [ 0] k_11+k12 k_21 +k22
. 7,
Ut (kyyxy) [ (koyy +kyg) + (kyyxg) [ (kogy + Ky
(C.48)

For the initial time after the start of all processes, we can
assume that x; = S, and x, = S,; that is,

[T
y = .
1+ (kyySi0) / (koyy + kyp) + (k1 Sa) / (kg + Kpp)
(C.49)
Hence we can write
dx
Uy = d_tl =~k x1y + k12
k
I AV
[ nt 711k_11 ko
k,,S ky,S !
ST 1 11910 21920 >
* S0 [To]) > ( ! kot ki kg tky
_ kyiki,
k_yi + ki,
kS kS !
S T 1 11Y10 21Y20 )
* (S0 [Ta]) ( ! koyi+ky ko kg,
_ -1 S0 [To)
ML K]Txfl,lslo + Kﬁ,zszo
—k S10 [To)
=Ky -
Kygi + S0+ KM,IKMl,zszo
L Sulm)

P Ky +Si0 + 0y
(C.50)

1

Upp = —F~ =~
dt
k
I R #]
[ 21t 721k_21+k22 X2y
_ kyiks,

k_y1 + ks,
kS
< (S [T])><<1+ 1S
000 ko +kyy
K] S0 [T
TRTM2y L kLS 4+ KLS
T K910 T 815920

S0 [To]
2 -
Ky + KMl,lKM,zsw + S8y

SZO [TO]
2 Kapp + 71810+ Sy

k31850 )1
k_py + Ky,

(C.51)

where
ki,
kg +ky
Ky
Koy +ky
_ Ky,

KM,Z

K ' =

K,' = (C.52)

are Michaelis constants for the first and second substrate,
respectively, and a—is a factor of transporter inhibition.

Conclusions for Substrate Dynamics Section

(1) Equations

d S0 | T,
vy = _;tl = 108[ o) . (C3)
M1+ Sip + a8y
dx S [To]
vy =2 2 — k,, 20—180 5 (C.54)
t Ky + a7 819+ Sy

are the analogs to the Michaelis formula for a two-
substrate system. If S,; = 0, we get the Michaelis
formula for the first substrate, and if S;;, = 0, we get
the formula for the second one.

(2) Constants kiy, Ky, ky, Ky, can be determined
experimentally:

(iii) Syp > Ky and Kyt Sy > S,y
v =kip [To],
oSy [To)
S1o
(iv) Sjp < aSyg 1 &S,y > Ky 1

S10 [Tol

y o dxy
Vo = o TRop——
x dt aS,,
!
Uy = ky (To],

Sio [To] k a5 [TO]
aSy 2 Sio

(C.55)
Uy = kpy

>

>

(C.56)

2
VUpsUss = ki, = kleZZ[TO] .
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C.3. Effect of the Equilibrium Reverse Bias for a First Substrate
When a Second One Is Added to the System. If previously
the equilibrium was established for a first substrate between
the outside concentration of the substrate and the inside
concentration, the addition of a second substrate will produce
a reverse bias (equilibrium shift). To study this, we first
can write the equation representing the velocity of second
substrate transport:

_dx,

v, = o — kZISZO

ky1Sy0 + kg1 + Ky,

[To] (K}, Ky, +1)
K810 + Ki1Kyp + 1

(C.57)

__ Sx [T,] (Ky, K, +1)
S+ Ky KiiSio + K Kypp +1

where
Ky, = —2 272 (C.58)

In the beginning, at initial time, some of the transporter
molecules in the outside bind to the second substrate while
inside there is still no second substrate. This means the
availability of outside transporter for a first substrate becomes
reduced. Thus, equilibrium for a first substrate starts to break
down; that is, the velocity of first substrate transport to
outside (release) becomes bigger than its transport to the
inside. Our model allows evaluation of the release of a first
substrate with simple approximation.

Unlike that in the Appendix C.1, where all the trans-
port molecules were available for both substrates, let us
approximate that the amount of transporter binding the first
substrate outside is reduced by the second substrate also
binding to it. Thus, using this rough approximation, the
available outside transporter is reduced to the amount:

Y=Y~ 2 (C59)
where
_ [To] (Ky Ky +1)
0 Ky Sy + Ky Ky +17
(C.60)

_ k21820 Y0
ky1Sy0 + kg + Ky,

2

while inside (the cell) the amount of transporter available for
the first substrate still remains y,. Consequently, the velocity
of the first substrate reverse flow can be represented as

dx
1 . !
=k x1ey + kS Yo

c.6l
x1 dt ( )

where k!, and k", are some effective parameters that can
be only analytically solved in more complex model that will
implicate intermediate transporter-substrate complexes and
are out of the scope of this study. Here we can only get

Journal of Biophysics

formulas for the initial times during the start of the process
and far from equilibrium for a second transporter. In (C.61)
we had balanced the flow disparity between the first substrate
in-flow (uptake) and out-flow (release), where x, , and s, , are
the equilibrium concentrations of the first substrate outside
and inside (the cell). Thus, these concentrations can be
approximately found using the approximation that still the
system is close to the equilibrium for a first substrate:

(C.62)

Thus,

dxl ! !
X T g T —ky X1y k11810

c

_ ! Sio y k51 +ky
WKy +17%%ky, Sy + k_yy + sy

! KOSIO

+k‘“K +1
0

Yo (C.63)

S1o [ ! ! k i +ky, ]
= k .K,—-k
K, + RN et ky1Ss0 + Koy t+ Ky
_ k11310 [1

— KM,2
Ky+17° '

S0 + Ky

For initial time conditions with relatively good precision, we
can accept that

My ~ A = Const (C.64)
Ky+17° ”
as
khslo _ k;lsm y [To] (K}, Ky, +1)
Kog+17° Ky+1 " K80+ KK, +1
k.S [T,
_*u 10 [To) « 1 (C.65)

K,+1 K¢Sy +1

_ KiSi (73]

x K, = A = Const,,
K,+1
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where

Thus
v,d:A[1—&]. (72*)
Sa0 + Kz

First substrate reverse flow (the release speed) velocity
dependence on the external second substrate concentration
is represented on Figure 2.

One can see that the reverse flow of the first substrate
is absent if S,, = 0, because in that case the formula (72")
gives us zero velocity. When the second substrate is added
externally the second term inside square brackets becomes
reduced and the velocity augments. Thus, the velocity of
reversed transport grows with the second substrate concen-
tration and until a limit:

k'HSlO
= =Y. C.67
x Ky+1 0 ( )
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